Bivalves have colonized the interface between land and sea for the last 500 million 32 years. Although bivalves lack an adaptive immune system, they are extraordinarily well 33 adapted to adverse environmental conditions. Bivalves are valuable aquaculture 34 resources worldwide and are used as sentinels for monitoring pollution. 35
In this work, the immune transcriptomes of mussels (Mytilus galloprovincialis and 36 edulis) and clam (Ruditapes decussatus) were sequenced. For comparative purposes, an 37 already published transcriptome dataset of Ruditapes philippinarum was also included 38 in the analyses. The 454 pyrosequencing of stimulated hemocytes resulted in more than 39 400,000 reads for each transcriptome. The percentage of annotated sequences ranges 40 from 50% for mussels to 30-40% for clams. Considering the 28,061 non-redundant 41 sequences from the four transcriptomes, the four species share 785 genes. 42 Moreover, sequences related to different putative pathogens were found in the four 43 bivalves. A high number of bivalve herpesvirus ORFs were found, which confirms the 44 value of NGSs as tools to detect and quantify pathogen RNA. 45
Based on an examination of the immune-enriched transcriptomes of these four species, 46 we can conclude that bivalves present an immune system that differs from its 47 conventional characterization as a simple innate immune response against invading 48 pathogens. Enrichment analyses showed that species in the Mytilus genus, especially M. 49 galloprovincialis, possesses a significantly higher number of sequences related to 50 immune processes and killing molecules than species in the Ruditapes genus. This could 51 be related to the broader ecological niche occupied by mussels and the scarcity of 52 reported mussel mass mortalities compared to the high number of mass mortalities 53 reported for clams. 54
Introduction 59
The phylum Mollusca, comprising more than 200,000 living species, is the second 60 biggest group within invertebrates (Ponder and Lindber 2008) . The majority of molluscs 61 of the Class Bivalvia are present in both marine and freshwater environments, where 62 they feed by filtering organic material from the water column. However, a huge 63 diversity of living forms have been characterized, and bivalves can be infaunal, attached 64 to substratum by byssus, cemented to substratum, wood-borers, rock-borers, and 65 predators (Morton 1981) . They are extraordinarily well adapted to adverse 66 environmental conditions such as high and low temperatures, periods out of the water, 67 salinity changes and even pollution. This diversity is mainly due to the early evolutive 68 radiation in the late Cambrian era, which allowed bivalves to occupy different 69 ecological niches (Plazzi and Passamonti 2010) . 70
Bivalves are a valuable food resource, and their aquaculture is experiencing a 71 continuous growth. The most important commercial bivalves are oysters, mussels, 72
clams, cockles and scallops. The culturing of bivalves also has applications in 73 ecosystem repopulation, obtaining pharmaceutical or industrial products, and 74 ornamentation (aquaria, nacre, pearls). In addition to their economic value, bivalves 75 have important roles in environmental energy fluxes, water quality maintenance (Dame 76 1993; Giles et al. 2006; Newel 2004 ) and the monitoring of environmental pollution 77 (Milan et al. 2013; Zorita et al. 2007) . 78
As with all invertebrates, bivalves lack antibody-based adaptive immunity. However, 79 they possess well-adapted defense strategies to protect themselves against pathogens. 80
Bivalve cellular defenses rely on hemocytes, circulating cells in the hemolymph with 81 specialized immune functions and other roles in homeostasis (Fisher, 1986) or shell 82 repair (Mount et al. 2004) . 83
The natural habitat of bivalves in the oceans implies an intimate contact with some of 84 the largest microorganism populations on the planet. In fact, the filtering bivalve 85 lifestyle implies that these animals interact with a much higher microorganism 86 concentration than that in the water column. Viral infections are also common in marine 87 environments. The abundance of viruses exceeds that of bacteria and archaea by 88 approximately 15-fold, and the estimated number of viral infections is 10 23 per second 89 (Suttle 2007) . Still, knowledge about the antiviral response in bivalves, as in all 90
invertebrates, is scarce. The discussion about whether invertebrates possess antiviral 91 immunity is ongoing and further enhanced by recent works, such as the study presented 92
by Novoa et al. (2016) . In this study, they confirmed that constitutively expressed 93 myticins in naïve mussels made oyster hemocytes resistant to ostreid herpesvirus 1 94 (OsHV-1). 95
Among bivalves, Mytilus galloprovincialis has been recognized as a very successful and 96 robust species, able to survive pathogens that have caused massive mortalities in oysters 97 and clams cultured in the same area (Romero et al. 2014 ) and known to be extremely 98 resistant to environmentally adverse conditions (Kurelec and Pivčević 1991 GO terms were merged into the existent annotation. Finally, Annex was run to increase 228 the biological process and cellular component GO terms using the molecular function 229
terms. Lastly, sequences were also annotated with the enzyme codes of the KEGG 230 database to determine the pathways they belong to. 231
Comparative and enrichment analysis 232
Before the comparison of the four hemocyte transcriptomes, their completeness, 233 redundancy and fragmentation were analyzed with BUSCO v2 (Simão et al. 2015) . The 234 application was used to compare the bivalve transcriptomes against the Metazoa odb9 235 database of single-copy orthologues. 236
To avoid redundancy of the potential discovered genes (contigs, isotigs and annotated 237 singletons) the best representative approach was selected. Briefly, the best 238 representative sequence was selected by considering both the e-value and similarity 239 score using the following algorithm: similarity 3 /(e-value+1e -300 ). A constant 1e-300 was 240 included to avoid indetermination when e-value=0. Only the best isoform for any 241 particular annotated gene accession number, selected using the algorithm, was used for 242 the following analyses. 243
A venn diagram based on these gene accession numbers was constructed using the 244 software Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html to environment or exposures to pollution will be published in the near future. These 263 studies will increase the knowledge on this interesting phylum of littoral communities 264 that has a high socioeconomic impact. 265
In the present study, immune system triggering was carried out using PAMPs 266 mimicking a broad range of pathogens from viruses to fungi. This approach has proven 267 successful in the past to find new genes related to responses of interest (Moreira et al. 268 2012b) . 269
pyrosequencing, assembly, and annotation 270
The M. galloprovincialis, M. edulis, and R. decussatus immune-enriched transcriptomes 271
were sequenced using 454 GS FLX and analyzed as shown in Fig. 1 . Sequencing, 272 assembly, and annotation results are summarized in Table 1 As expected, Crassostrea gigas was the main source of annotation for all three 331 transcriptomes (Fig. 3) . Crassostrea gigas is the most represented bivalve species in 332 public databases, far from Mytilus genus (http://www.ncbi.nlm.nih.gov). The higher 333 percentage of hits in both Mytilus species compared to R. decussatus could be a 334 consequence of the ancient divergence between clams and the common antecessor of 335 mussels and oysters (Lemer et al. 2016) . 336
Even once the 454-sequenced libraries had been normalized to increase the presence of 337 low-expression genes, the appearance frequency of the sequences could be used as a 338 rough indication of the expression of each transcript. The top 35 BLAST hits are 339 detailed in Fig. 3 ; there is a high abundance of sequences directly related to immune 340 responses in the three studied species, including recognition proteins (e.g., lectins), 341 stress-related proteins (e.g., HSPs), apoptosis-related proteins (e. (Fig. 4b) , are quite similar 418 among all the species. This indicates that the assemblies nearly have the same quality. 419
The slightly higher duplication rate for mussels could indicate the presence of more 420 paralogs or more allelic variants compared to clams. 421
Even with these results, the clam immune transcriptomes are quite different. Fig. 4b  422 shows that the completeness of the R. philippinarum transcriptome is higher than that of 423 the R. decussatus transcriptome. We hypothesize that this could be due to biological 
91%). 437
In total, we found a higher percentage of exclusive sequences in clams than mussels, 438 although the two mussel transcriptomes share a higher number of exclusive sequences, 439 suggesting a larger immune repertoire than clams. This could be related to the broader 440 ecological niche of mussels and the higher mussel resistance to pathogens, with fewer 441 reported cases of mass mortalities, compared to clams (Gómez-León et al.
2005). 442

Functional annotation and enrichment analysis 443
We carried out a functional annotation using Gene Ontology terms following the 444 BLASTx annotation. processes, respectively (File S4). In mussels, some overrepresented processes were cell 509 proliferation and migration, apoptosis and the killing of cells of other organisms (due to 510 the extremely high quantity of M. galloprovincialis AMPs). On the other hand, the 511 terms "negative regulation of defense response" and "negative regulation of immune 512 system process" were also overrepresented. These results probably mean that the 513 efficient migration of hemocytes to the site of infection, to release AMPs and eliminate 514 the pathogen (Balseiro et al. 2011; Mitta et al. 2000b) , especially in M. 515 galloprovincialis, is enough to overcome an infection without an inflammatory 516 response. Previous studies support this theory; for example, M. galloprovincialis does 517 not increment its bactericidal response after a β-glucan challenge, as observed in clams 518 ) and vertebrates (van der Meer et al. 2015). In addition, in all other 519 transcriptomic studies on bivalves other than mussels, there are few AMPs compared to 520 mussels, as previously described. In contrast, inflammatory processes are more 521 represented in the other studied bivalves compared to M. galloprovincialis. Among the 522 enriched processes in M. edulis, the "regulation of interferon-gamma-mediated 523 signaling pathway" and "mast cell degranulation" processes were found; for R. 524 philippinarum, many inflammatory pathways were activated, such as the TLR, NF-kB, 525 EGF and TNF signaling pathways, the complement cascade, the acute phase response or 526 the respiratory burst, among others. 527
Diverse mechanisms have evolved to prevent immune reactions and inflammation rather 528 than accentuate the immune defense (Flajnik 2010 ). An example of these mechanisms is 529 the enhancement of the mucosal response to prevent an infection, and our results (high 530 presence of AMPs and inflammatory processes barely detected) support that M. high degree of pathogen specificity and immune priming . 538
Taxonomic analysis of pathogen sequences 539
Historically, microbial culture, histology and electron microscopy were the reference 540 methods to detect pathogens in animal tissues. These methods are especially useful for 541 protozoan parasites. Protozoans and their associated lesions are easier to detect than 542 bacterial or viral processes. Still, histopathology is time consuming and difficult to 543 analyze quantitatively. In addition, the early stages of infection are difficult to detect by 544 these methods. 545
The diagnosis of animal diseases has experienced dramatic advances in the last few 546 decades. Currently, molecular techniques can rapidly detect pathogens in animal tissue 547 samples. In situ hybridization or PCR can identify a known gene or DNA of pathogenic 548
origin. This genomic information alone can give information about the presence or 549 absence of the pathogen, but it cannot indicate its viability and infectivity. To overcome 550 this issue, qPCR or microarrays are used to detect pathogen replication through RNA 551 expression. With transcriptomics, pathogen presence and activity can be assessed, even 552 in the early phase of an infection, due to the sensitivity of the actual sequencing 553 techniques (Westermann et al. 2016 ), a goal difficult to achieve with traditional 554 pathology approaches. Furthermore, the information obtained by this tool could be used 555 not only in aquaculture facilities, to prevent outbreaks of disease but also in the wild, to 556 find possible reservoirs of pathogens prior to the expansion of the disease. 557
We found sequences of potential putative pathogens in all the transcriptomes. The non-558 redundant sequences with a BLASTx match with e-value under 10 -5 are summarized in 559 Table 2 . 560
Eukaryotic pathogens 561
Fungal sequences were highly present in all the studied species. Although it is known 562 that bivalves are sensitive to fungal diseases (Bower et al. 2010; Davis et al. 1954) , this 563 field has barely been explored. Fungi are not important causes of bivalve mortality, and, 564 as far as we know, there have not been many studies on fungal pathogenic species for 565 bivalves. In fact, the most represented species in the annotation was Capsaspora 566 owczarzaki, which is not pathogenic for molluscs. It was found to be a symbiont in the 567 hemolymph of the tropical freshwater snail Biomphalaria glabrata (Hertel et al. 2002) . 568
Consequently, the sequences with a fungal origin found in the immune-stimulated 569 transcriptomes are not necessarily from bivalve pathogens. 570
The fact that Perkinsus marinus is one of the most represented species in the R. 571 decussatus annotation, with a representation level exceeding that of the Ruditapes 572 genus, deserves special attention (Fig. 3) . Perkinsus parasites are frequently detected in 573 clams from South Galicia (Ruano et al., 2015; Villalba et al., 2004) . Although R. 574 philippinarum was obtained from the same site and in the same conditions as R. 575 decussatus, the number of Perkinsus sequences in R. philippinarum (3) was much lower 576 than that in R. decussatus (131). This suggests that Perkinsus lives in and actively 577 colonizes R. decussatus tissues. As Perkinsus does not easily kill its hosts (unless there 578 are stressful environmental conditions for clams), the sampled individuals (over 50) 579 could be heavily infected without external signs of the infection. This is in agreement 580 with previous observations noting the higher susceptibility of R. decussatus than R. 581 philippinarum (Moreira et al. 2012a) . 582
Bacteria 583
As expected, the Vibrio genus represents the main group of pathogens detected in 584 mussels (Romero et al. 2014 While few sequences of bivalve pathogenic viruses were successfully annotated in the 604 mussels, R. decussatus presented 36 hits for Ostreid herpesvirus 1 (OsHV1), 11 hits for 605
Chlamys acute viral necrosis virus (AVNV) and 2 hits for Abalone herpesvirus (AbHV). 606
We detected and analyzed in detail all the viral sequences found in the four 607 transcriptomes. The pathogenic viruses for molluscs were OsHV1, AVNV and AbHV, 608 as highlighted in Table 3 and Supporting File S5. OsHV1 is a well-known virus in the 609 aquaculture industry (Batista et al. 2007; Green et al. 2015) , and AVNV is a recently 610 characterized virus (Ren et al. 2013) known to be a variant of OsHV-1 (the AVNV 611 genome is 97% identical to the OsHV-1 genome). Regarding AbHV, it has been the 612 causative agent of very high mortalities in abalone in Taiwan and Australia since the 613 early 2000s (Chang et al. 2005; Corbeil et al. 2016) . A sequence related to the white 614 spot syndrome virus (WSSV), a virus with great importance in aquaculture, was found 615 in the M. galloprovincialis transcriptome. WSSV has a remarkably broad host range, 616 but it is known to be highly pathogenic and virulent only in shrimp (Dang et al. 2010) . 617
We manually reblasted all the viral sequences in the transcriptomes and found a small 618 percentage (less than 8% in total) that were not true viral sequences. 
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